Abstract. This paper reports an attempt to improve the response of a metalloporphyrin Langmuir-Blodgett films, n-tetraphenyl porphine ruthenium (II) carbonyl, towards several vapor samples by means of surface microstructure modification. Four different surface microstructures were prepared by annealing the thin films samples in air at three different temperatures; 50, 100 and 150
Introduction
Detection of gas using a certain sensing element (sensors) takes advantage of the fact of the adsorption process of the gaseous molecules onto the sensor surface, correlated to sensor affinities to a particular analyte, in recognizing the presence of the gas sample. The gaseous molecules were successively adsorbed onto the adsorption sites of the sensor surface through two possible adsorption mechanisms, namely physico-and chemi-sorptions processes. The responses of the sensor to the gases were straightforwardly correlated to these types of adsorption mechanisms and the nature of the sensors surface. In most cases of gas detection, the response of the sensor was observed to quickly reach the saturation state due to a rapid coverage of the films surface by the gaseous molecules [1, 2] . This case could cause a decrease in the sensitivity of the sensing element in responding to a different gas concentration (selectivity). From this basis, to find an appropriate technique in order to be able to extend the response properties of the sensor to a widest spectrum is of substantial necessity.
Recently, there have been many efforts carried out to improve the response properties of the sensing element a e-mail: mms@pkrisc.cc.ukm.my to the presence of the gaseous molecules. These include a doping technique and a bulk structure modification method (grain size, density, etc.) [3] . These techniques were observed to have a little effect in improving the response properties of the sensor because they are merely more on the modification of the bulk properties of the sensing element rather than the surface properties of the sensing element. A most straightforward strategy which could be considered to enhance the response properties of a sensing element is to modify the microstructure of the sensor surface. This procedure is believed to be able to directly adjust the properties of the sensor surface, such as surface molecular density and surface roughness, which in turn improve their sensing properties. Hence, a best possible response could be obtained.
Metalloporphyrins are class of natural organic compound that plays an active role in the biological activities, such as metabolism and energy transfer, and features a great deal of interesting properties, such as excellent chemical, optical and thermal stability [4, 5] . Since several past decades, these chemicals have become a focus of research interest because of their interesting gas sensing properties and have been used as sensitive elements to detect a large range of gaseous molecules from the class of organic or inorganic gases. It has been witnessed that their sensing properties were completely affected by the substituted atoms or ligand in their molecular body, particularly at the central and at the peripheral sites of the molecule [6, 7] . Their interesting chromophoric behaviors that may easily change their chemical dye upon successful interactions with the analytes, allow them to be used in the optical sensing of gas [8] . Therefore, the use of these chemicals as sensitive element coupled with an intriguing ability of optical technique in detection of gas may offer us a great possibility to obtain a high-sensitive gas sensor system. This paper reports an effort to improve the responses of n-tetraphenyl porphine ruthenium (II) carbonyl Langmuir-Blodgett film by means of a modification on the microstructure of the thin films surface. The study has been performed using an optical gas sensing system and the saturated vapor of three vapor samples, namely methanol, ethanol and 2-propanol, as gas samples. The modification on the microstructure of the films surface was carried out by annealing the films samples in air at three different temperatures, i.e., 50, 100 and 150
• C, for one hour each. The sensing sensitivity was based on the change in the optical absorption of the thin film upon exposure towards the vapor sample that was measured at a particular wavelength, 514 nm, of the light source. The microstructure of the film surface-sensing response relationship will be presented.
Experimental
A derivative of metalloporphyrins; n-tetraphenyl porphine ruthenium (II) carbonyl (RuTPPCO), was used as a sensing element to detect the saturated vapor of three volatile organic compound (VOC); methanol, ethanol and 2-propanol. This material was purchased from Aldrich Chemicals and used directly without any further purification process. Figure 1 shows the molecular structure of the RuTPPCO. The RuTPPCO was prepared in the form of thin films using Langmuir-Blodgett (LB) technique. At first, a solution of this chemical was prepared with a concentration of 0.16 mg/ml in toluene. The solution of this chemical was mixed with acid arachidic with the composition of 3:1 by weight. The addition of the acid to the solution was meant to improve the transferability of the monolayer onto the substrate. In order to form a monolayer, the solution of this chemical was spread on pure water sub-phase (resistivity > 12 MΩ). Then, the floating monolayer was compressed until the surface pressure was 20 mN/m. The thin films were deposited on glass substrates by lifting the substrate that has been dipped earlier in the sub-phase through the monolayer at a constant speed, namely 5 mm/min, while maintain the surface pressure. Multilayer LB films of z-type deposition [9] up to 16 layers were prepared.
An annealing process was performed on the prepared films to obtain a different microstructure on the thin films surface. The thin film was annealed in air at 50, 100 and 150
• C for one hour, each. The properties of the thin films such as structure and surface morphology were studied using X-ray diffraction (XRD) technique and atomic force microscopy (AFM), respectively.
The thin films samples were used to detect the presence of the saturated vapor of three organics vapor samples, methanol, ethanol and 2-propanol, in 15 l/min of air flow. Figure 2 shows an optical system setup which was used in this experiment. The system is equipped with two arms of fiber reflectance probe and a LED of green color (514 nm), as a light source. The use of this wavelength for detection of gas was based on an intriguing characteristic of the metalloporphyrins compounds that possesses an intense absorption band at the region of green to blue of the optical absorption spectrum. The detection of vapor was started by exposing the thin film to the saturated vapor of VOC sample by sucking them across the thin films using a mini electrical vacuum-pump. The optical response of the film was measured by transporting the light source into one arm of the two arms reflectance probe fiber. The light, then, reached the film surface that was placed at a few millimeters in front of the probe. The light traveled through the film and substrate and then reflected back to the detector by a mirror that fixed parallel at the back of the substrate. The reflected light spectrum was analyzed using an optical spectrum analyzer. The comparison of the intensity of the reflected light from the film before and after being exposed towards vapors samples was considered as the sensing sensitivity. All the measurements were carried out at 25
• C and 63% of relative humidity.
Results and discussion

The Langmuir-Blodgett films
The Langmuir-Blodgett (LB) films of RuTPPCO have been successfully deposited onto the glass substrates up to 16 layers with the average transfer ratio was within 0.85 to 0.95. The thin films samples have been annealed for one hour in air at three different annealing temperatures, i.e., 50, 100 and 150
• C, to obtain a different microstructure on the thin films surface. The structure of the thin films has been studied using a low angle X-ray diffraction technique. Figure 3 shows X-ray diffraction patterns of the thin films which was recorded in the region of 2.3
• < 2θ < 7.0
• . For the case of the as prepared film, it was observed that there were four major equidistant Bragg peaks appearing in the pattern. These peaks were ascribed to an interference of a specularly reflected X-ray by the molecular layers in the LB films. Despite a low peak intensity at n = 2 and n = 4, it can be concluded that there was an ordered-structure of the molecular layers built on the substrate. Using the Bragg equation and these peaks, for a small angle approximation, the spacing between two adjacent molecular layers of the LB films can be calculated. The average spacing of two adjacent layers was found to be 3.7 ± 0.4Å. The presence of the uncertainty in the spacing between two adjacent layers could be associated with the contribution of some irregularities in the molecular arrangement on the substrate that caused by the presence of molecular aggregations prior to or during the deposition onto the substrate surface. From this basis, the thickness of 16 layers of LB films could be 58.5 ± 0.4Å. Such thickness agrees very well with the largest thickness of one molecule of the tetraphenyl porphyrins [10] . This meant that the RuTPPCO molecular plane is completely in plane with the substrate surface.
The annealing process was found to modify the microstructure of the films. This was indicated by a substantial change on the X-ray spectrum profile. For the case of the films annealed at 50
• C, it was observed that the profile of the Bragg peaks was changed, particularly at n = 2 and n = 4. As seen in this figure, at these two peaks, there was an increasing on the sharpness of the peaks. It was also observed that there was a presence of a new Bragg peak at a larger diffraction angle, namely at the angle of 2θ ∼ 6.5
• . This revealed that there was occurred a reorientation process of the molecular system in the layer due to the absorption of thermal energy by the molecular system [7] that results in the change in the density of the molecular system in the thin film and in the bulk structure of the film. The original LB films contained the RuTPPCO and the arachidic acid with the composition of 3:1. The arachidic acid has a low melting point, typically 74
• C. A longer time of an annealing treatment on the LB films may cause the acid molecules inside the films evaporated. This may produce a rearrangement of Fig. 3 . The X-ray diffraction pattern of 16 layers of RuTPPCO LB films for the as prepared film and the films annealed at 50, 100 and 150
• C.
the molecular system in the thin film that in turn facilitates the formation of a more compact construction of the porphyrins molecules in the thin film. Hence, a more ordered molecular structure could be formed. However, it was obtained that there was a tendency to reduce the appearance of the Bragg peaks in the spectrum when the annealing temperature was increased to 100 and 150
• C. This case could be associated with a deformation of the molecular construction due to a rapid molecular transformation pertaining to excessive thermal energy absorption.
The change in the structural property of the thin films was also studied in the point of view of their surface microstructure. Figure 4 shows 3-dimensional AFM images of the RuTPPCO LB films samples; the as prepared film and the annealed films that were taken in an area of 3500 × 3500 nm 2 . The surface analyses of the images revealed that the roughness [11] of the as prepared film and the annealed films at 50, 100 and 150
• C were 8.74, 7.45, 6.64 and 5.84 nm, respectively. The result indicated that the morphologies of the thin films were changed due to the annealing process. For the as prepared film, it was found that the surface featured a rough structure with the presence of a large number of hills and valleys. The surface microstructure changed to a rather smooth structure when the film was annealed at 50
• C. It was also observed that its surface profile comprised a more flat area compares to the as prepared films. This circumstance was also occurred when the thin films annealed at a higher temperatures, namely 100 and 150
• C. It was obtained that the microstructure of the films surface becomes smoother with the increasing of the annealing temperature (see Figs. 4c, d ).
The change in the morphology of the thin films may have an effect on the surface molecular density, bulk structure and other physical properties [1] that in turn affect its sensing characteristic to the presence of the molecules of analyte. Hence, the sensing sensitivity properties changes and the optimum condition on the thin films that gives an excellent response characteristic could be achieved.
The optical gas response
The optical response of the thin films towards a particular vapor sample was measured by introducing the vapor into the thin film chamber and recorded the reflected intensity of the light from the thin films at the peak wavelength. The sensing sensitivity of the films to the presence of the vapor sample was calculated based on the change in the light intensity after being reflected by the thin film. In order to find whether the response was repeatable, the measurement was also taken while the vapor removed from the chamber by removing them out using an electrical vacuum-pump. The reproducibility was determined by recording their response; at least three cycles at once measurement and this procedure was repeated at the other time to make sure their stability against the VOC exposure. Figure 5 shows three cycle responses of the as prepared RuTPPCO thin film toward the saturated vapor of ethanol in 15 l/min of air flow that was measured at the peak wavelength of 514 nm, the light source. The thin film was observed to have a good response to the vapor sample with the average times to reach the maximum change in the reflected light intensity within 20 s. It was also observed that the thin film response was incompletely recovered when the vapor sample removed from the film surface. This could be due to an unfinished desorption process of the gaseous molecules from the surface. This could be overcome by heating the thin film to facilitate a quick desorption of the gaseous molecules from the film surface. Despite a slight drift from the baseline of the measurement, it can be worth mentioning that the thin film response tends to recover to its original condition, although its response peak decreased with cycling. The detection of the gas samples was continued using others two vapor samples, i.e., methanol and 2-propanol. The measurement of the film responses to these vapors was carried out by driving the vapors samples across the film surface using a mini electrical vacuum-pump with a flow rate as high as 15 l/min, each. The optical response of the thin film was, then, recorded at a similar peak wavelength of the light source as previously used in the detection of the ethanol vapor, namely 514 nm. It was found that the thin films also exhibited a good sensitivity towards both gas samples with the average response and recovery time was similar to the response that shown for the ethanol vapor. Figure 6 shows the comparison of the thin films response to the presence of all vapor samples. It was observed that the responses of the thin films were different each other, which the highest response was shown for the 2-propanol vapor and followed by the ethanol and methanol vapors, respectively. It was also observed that there was a slight drift in the baseline of the thin film response upon alternately exposed to different vapors samples. This could be caused by the effect of different gases used in the measurement. Based on the experimental results, it can be concluded that the thin films samples fea- tures a well selectivity behavior with good ability to distinguish its responses profile.
The change in the intensity of the reflected light which comes to the detector can be related to successful interactions between porphyrins and the vapor molecules [12, 13] . The interactions between metalloporphyrins and the gaseous molecules were facilitated by two particular sites in the porphyrins molecule, namely at the peripherals position and at the center of the ring [14, 15] . There are two types of interactions occurred at both sites; namely charge transfer due to the donor-acceptor binding and the columbic binding activity. For the case of alcoholic molecules, the interaction with the porphyrins was believed to be electrons donating-accepting activities. The presence of an OH − reducing agent in the alcoholic compounds enabled such interactions through the formation of a RuO − :CO complex at the center of the porphyrin molecule [16] . This is facilitated by an easy electrons injection of OH − moiety to the e g (d π ) molecular orbital of the ruthenium. The injection of the electron into the π-orbital of the ruthenium may create a temporarily hybridization process between porphyrin and vapor [17] that in turn, breaks the symmetry of its electronic constellation.
The detection of the vapor samples was also performed using the other three thin films, i.e., annealed at 50, 100 and 150
• C. Figure 7 shows the comparison of all responses of the thin films to the presence of methanol, ethanol and 2-propanol vapors, respectively. For the methanol vapor, the thin film responses were observed to have a tendency to increase its response when the annealing temperature was increased. A quite similar trend was also obtained for the other vapor samples, namely ethanol and 2-propanol. However, there were differences on the thin films response to these vapors, if related to the surface microstructure, compares to the methanol. For the case of ethanol, the highest response was shown for the film annealed at 100
• C which is the second smoothest surface. Meanwhile, for the 2-propanol, the highest response was still shown by the thin film which is annealed at 150
• C, however the thin film annealed at 50
• C was observed to have a higher response than the thin films annealed at 100
• C. There are several factors which have an effect on these results, particularly the presence of water (H 2 O) molecules in the vapor samples during the measurement. This could be avoided by a proper control of the relative humidity of the environment to a lowest circumstance. Despite this irregularity, it can be concluded that, for the all vapor samples, the smoother the surface microstructure, the higher the responses will be.
The change in the response of the thin films due to the annealing process may also be explained from the perspective of the microstructure of the film surface and the properties of the vapor samples. The change in the microstructure of the surface may caused the change in the availability of the adsorption sites of the surface that in turn also change the activation binding energy between the gas and the surface [7] . For the thin films with smooth surface structure, the availability of the adsorption sites on the surface may be low. However, the surface with such structure may be suitable for a certain gas, particularly for the gas with a low molecular weight. This can be explained from the point of view of the probability of vapor molecules to reach the thin films surface. In the detection of gas, the vapor molecules with low molecular weight tend to easily sweep away along with the air flow. Therefore, the surface that may provide relatively strong interactions with such gas is the surface with smooth structure with the presence of large flat area. This circumstance may facilitate a greater possibility of vapor molecules to reach the surface [18] . Hence, the interactions are optimum. And vice versa, the surface of rough surface structure with the presence of many hills and valleys may feature large adsorption sites. This condition may provide large binding sites on the surface for the gaseous molecules to interact with. The interactions of particular gaseous molecules with such surface would be high. However, for the vapor samples with low molecular weight and low vapor density, the surface with this condition is not suitable. This could be due to a low possibility of vapor molecules to reach the lowest part of the surface which results in the interactions between surface and the vapor molecules are low. Hence, the thin films responses are low.
Methanol, ethanol and 2-propanol are alcoholic chemicals which features a reducing property. These chemicals possess a simple molecular structure which consists of a hydroxyl moiety in the carbon backbone that forms a non-planar structure molecule. At a circumstances of 25
• C of temperature and 1 atm of air pressure, the vapor density of these chemicals are 1.1, 1.6 and 2.1 g/l for methanol, ethanol and 2-propanol, respectively. These chemicals also have the lowest molecular weight in the alcoholic group with the weight as low as 32, 46 and 60 g/g mole for methanol, ethanol and 2-propanol, respectively. The change in the thin films response due to the modification of the thin films surface microstructure may also be related to these molecules properties. An extending experiment could be carried out in order to also see the effect of analytes properties to the change in the thin films responses, particularly for the interaction probability with the film surface.
Conclusions
The RuTPPCO Langmuir-Blodgett film was found to be sensitive towards the presence of the three vapor samples;
i.e., methanol, ethanol and 2-propanol. The thin films response was found to substantially increase when the thin films were annealed at a particular temperature; namely 50, 100 and 150
• C. The surface microstructure studies on these thin films samples indicated that the microstructure of the surface demonstrated an essential change when the annealing process applied to them. It was obtained that the roughness of the thin films surface reduced with the increasing of the annealing temperatures. Based on the surface microstructure analysis and the gas response properties, it can be concluded that the smoother the surface structure of the sensing element, the higher the responses is. In this work, the properties of the vapor molecules, such molecular structure and other physical properties, were noted to also play a critical role in the interactions with the surface. Therefore, further study on the effect of the surface microstructure on their sensing properties should also consider the properties of gaseous molecules by selecting a large range of gaseous samples in order to find a clearer picture on the relationship between the surface microstructure with its sensing property.
